Recent data from developing rats suggest that structures downstream from the amygdala are involved in the acquisition of conditioned fear-potentiated startle (FPS). The authors tested this idea in adult rats by temporarily inactivating the structure critical for FPS, the caudal pontine reticular nucleus (PnC), during fear conditioning. When the conditioned stimulus (CS) was an odor, rats displayed freezing, but not FPS, at test. This effect was not due to a decrease in footshock sensitivity. Further, no savings were evident on retraining. When the CS was a light, inactivation of the PnC had no effect on the acquisition of FPS. Thus, the PnC may be crucial for the acquisition of conditioned FPS to an odor, but not a light.
The dominant view of classically conditioned fear proposes that a conditioned stimulus (CS) elicits a central state of fear, as opposed to a series of specific stimulus-response associations. Further, both the acquisition and activation of this central state of fear are controlled by the amygdala (Davis, 1992; LeDoux, 2000) . Various neural structures are then targeted by the amygdala for the instigation of species-specific defense reactions. For example, in rats, axons from the amygdala to the midbrain periaqueductal gray matter mediate conditioned freezing (Carrive, 1993; DeOca, DeCola, Maren, & Fanselow, 1998) , and projections to the caudal pontine reticular nucleus (PnC) are critical for potentiating the acoustic startle reflex (Davis, Falls, Campeau, & Kim, 1993; Koch, 1999) . Evidence for this view comes from findings that a particular fear response can be attenuated by lesions of (or inactivating) its corresponding brain site, while leaving other fear behaviors intact (Iwata, LeDoux, & Reis, 1986; LeDoux, Iwata, Cicchetti, & Reis, 1988; P. Walker & Carrive, 2003) . Further, chemical and electrical stimulation of these brain sites produce selective fear responses (Davis, Gendelman, Tischler, & Gendelman, 1982; Morgan & Carrive, 2001) . Conversely, when the amygdala is lesioned (Goldstein, Rasmusson, Bunney, & Roth, 1996; Maren, Aharonov, & Fanselow, 1996; Sananes & Campbell, 1989) or stimulated (Iwata, Chida, & LeDoux, 1987; Koch & Ebert, 1993; Rosen & Davis, 1988) , all conditioned fear responses are either abolished or elicited, respectively.
However, recent studies investigating the ontogeny of conditioned fear have challenged this model of associative fear learning. Conditioned fear responses in rats emerge in a sequential fashion (Hunt & Campbell, 1997) . For example, conditioned freezing emerges around postnatal day (P) 16, whereas a fear-potentiated startle (FPS) response does not emerge until P23 (e.g., Hunt, Richardson, & Campbell, 1994) . From the perspective of the aforementioned model of conditioned fear, a developing rat will experience a state of fear even if it is not able to express all fear responses. Further, it would be expected that if a rat is given CS-unconditioned stimulus (US) pairings at an age where it can express one response but not another, and is then tested at an age where it can express both, the rat should exhibit both responses. However, recent studies have found otherwise. Specifically, rats given odor-shock pairings at P16 and then tested at P23 show a freezing or avoidance response to that odor (and hence fear the odor) but do not exhibit FPS to the odor (Richardson & Fan, 2002; Richardson, Paxinos, & Lee, 2000; Richardson, Tronson, Bailey, & Parnas, 2002) . Likewise, Hunt and Barnet (2002) found that rats given light-shock pairings on P18 did not show FPS to the light when tested at P25, even though they displayed levels of lightelicited freezing similar to those of a group of rats trained on P24. These results suggest that in infancy, the acquisition of conditioned fear requires neural plasticity in sites efferent to the amygdala, as well as in the amygdala itself. It is necessary, then, to determine whether the findings of Hunt and Barnet (2002) and Richardson and colleagues reveal a previously untested neural process underlying fear conditioning, or whether these findings reflect processes that are specific to experiences that occur during infancy.
In an effort to mimic the developmental findings in adult rats, we temporarily inactivated the PnC with the local anesthetic bupivacaine before training rats on a classical fear conditioning task. On the basis of developmental findings, it would be expected that pretraining inactivation of the PnC would disrupt the acquisition of FPS, but not the acquisition of conditioned freezing. intraperitoneal injections of ketamine (100.0 mg/ml) and xylazine (0.3 ml/kg). Double guide cannulas aimed at the PnC were 22 gauge, with a 3-mm distance between the two cannulas (Plastics One, Roanoke, VA), and were stereotaxically implanted according to the coordinates of Krase, Miserendino, and Davis (1993) . Those coordinates, with respect to bregma, were AP Ϫ12.0 mm, ML Ϯ1.5 mm, DV Ϫ9.4 mm, with the cannula holder angled back 12°, so that the cannulas entered the brain moving from caudal to rostral at an angle of 78°with respect to the skull. Thus, the targeted area was at AP Ϫ9.3 mm, ML Ϯ1.5 mm, DV 9.3 mm (Paxinos & Watson, 1998) . The cannulas were set in place with acrylic dental cement and secured with skull screws. A stylet was placed in the guide cannulas to prevent blockages. During surgery, several rats received intraperitoneal injections of dopram (0.1-0.2 ml) to assist respiration.
After surgery, rats were injected intraperitoneally with a 10-mg/kg dose of carprofen (for temporary analgesic effects) and 0.3 ml of a 300-mg/ml solution of procaine penicillin. Rats were then individually housed in boxes (30 cm wide ϫ 45 cm long ϫ 16 cm high) in a colony room with a natural light cycle and ad-lib access to food and water. Rats were given a 6 -7-day recovery period before fear conditioning occurred, and during this time they were handled and their health was monitored daily.
All efforts were made to minimize both suffering and the number of rats used. All experiments conformed to the guidelines on the ethical use of animals maintained by the American Psychological Association, and all procedures were approved by the Animal Care and Ethics Committee at the University of New South Wales.
Drugs and Infusion
For a microinfusion of bupivacaine hydrochloride (5% [wt/vol]; Delta West, Perth, Australia) or saline, the stylet was removed and a 28-gauge injection cannula, extending 1 mm below the tip of the guide cannula, was inserted. The injection cannula was connected to a microsyringe driven by a microinfusion pump (Harvard Apparatus, Holliston, MA) via PE50 tubing. Solution (1 l) was delivered per hemisphere over 2 min. The injection cannula was left in position for an additional 1 min before withdrawal to minimize dragging of the injectate along the injection track.
Bupivacaine, like lidocaine, is an amide-linked local anesthetic that may reduce sodium conduction by blocking voltage-gated sodium channels; however, it is more lipophilic than lidocaine and hence has a longer duration of action (Caterall & Mackie, 1996) . Bupivacaine has previously been used to reversibly inactivate brain areas such as the nucleus accumbens and the amygdala during a fear conditioning task in rats (Haralambous & Westbrook, 1999) .
Apparatus
Three types of chambers were used. Fear conditioning and assessment of startle occurred in one of four identical cages, measuring 20 cm long ϫ 12 cm wide ϫ 12 cm high. The front wall, rear wall, and ceiling of each startle cage were made of Plexiglas, and the side walls and floor consisted of stainless steel bars, with 1.3 cm between each bar. Each startle cage was suspended from a piece of clear, 4.2-mm-thick Plexiglas to which a sheet of piezoelectric film had been laminated. Movements within the startle cage caused flexion in the Plexiglas that produced a voltage in the piezoelectric film, which was proportional to the intensity of movement in the chamber; that is, larger movements produced larger voltages. A custombuilt unit amplified and digitized (at a 1-kHz rate) the voltage produced by the piezoelectric film for a 250-ms period after onset of the startle stimulus. The peak response during this period was used as the measure of the subject's startle response.
Each cage was located within its own sound-and light-attenuating wooden cabinet. A ventilation fan provided a 60-dB ambient noise level in each chamber, and a 25-W red lamp, located in the center of the room, provided illumination. The startle stimulus was a 100-ms, 100-dB (measured with a Brüel and Kjaer precision sound level meter, Type 2235; Naerum, Denmark) white noise burst, with a 1-ms rise-fall time. It was presented from two piezoelectric speakers, wired in parallel, mounted 8 cm from either side of the startle cage. Computer software (Rat Startle Software; Abayaratna, 1995) that was custom-developed at the University of New South Wales controlled all stimulus presentations and recorded all data. After each test session, a tray of animal bedding under each cage was changed, and each chamber was wiped clean with tap water.
The assessment of freezing behavior occurred in two different types of boxes. The first set was used in Experiment 1A and consisted of four identical boxes (23 cm long ϫ 20 cm wide ϫ 19 cm high) with clear Perspex fronts, stainless steel rear and side walls, and stainless steel hinged lids. The floors consisted of stainless steel bars, with 1 cm between each bar, raised 6 cm above a tray containing animal bedding.
The second set was used in Experiments 1B and 3 and consisted of three identical boxes (30.0 cm long ϫ 22.5 cm wide ϫ 30.0 cm high) with clear Perspex fronts, black-and-white striped side and rear walls, and wooden hinged lids. The floors consisted of stainless steel bars, with 1 cm between each bar, raised 8.5 cm above the base. In Experiment 1B, the boxes were located on a tabletop, with continuous white noise (ϳ70 dB) providing background noise. In Experiment 3, the boxes were located within a sound-attenuating chamber that was identical to that used for the startle boxes described above. All cages were wiped clean with water after each test session. During tests of odor-elicited freezing, a white fluorescent light provided illumination, whereas a red incandescent light was used during tests of the light CS. Test sessions were videotaped for later assessment.
Histology
Rats were decapitated between 1 and 48 hr after the final test session. Tissue sections were collected and stained with Cresyl Violet for verification of cannula placement. Data from a rat were excluded from statistical analysis if the cannula tip was more than 0.5 mm outside the region of the PnC or if the PnC had sustained extensive damage. The area of the PnC was defined according to the specifications of Davis and collaborators (Krase et al., 1993; Rosen, Hitchcock, Sananes, Miserendino, & Davis, 1991) .
In addition, behavioral data were excluded in some cases on the basis of startle response baselines. Specifically, an abnormally low baseline response may indicate that the PnC is permanently damaged, thereby confounding results given that the major premise of this study was that the PnC was temporarily inactivated.
Experiment 1A
The acoustic startle reflex is a fast, sequential contraction of head, body, and limb muscles after a rapid-onset acoustic stimulus, and it is hypothesized to prevent injuries resulting from attack by initiating a flight-fight response (Koch, 1999) . The FPS preparation involves presenting an acoustic startle stimulus in either the presence or the absence of a fear-eliciting stimulus. Startle amplitude is greater when the fear-eliciting stimulus is present than when it is not (Brown, Kalish, & Farber, 1951) . FPS is reliably produced in the laboratory by any cue that has been previously paired with shock Paschall & Davis, 2002; Richardson, Vishney, & Lee, 1999) . FPS is thought to be mediated via projections from the amygdala to the primary startle pathway at the level of the PnC Koch, 1999) . Therefore, to investigate whether the response structure necessary for the mediation of FPS is involved in the formation of fear associations in adult rats, in Experiment 1A we examined the effects of pre-training intra-PnC infusions of bupivacaine on the acquisition of conditioned FPS to an odor CS.
Method
Procedure. A 2 ϫ 2 factorial design was used, in which the first factor was drug condition (bupivacaine or saline) and the second was training condition (paired or unpaired presentations of the odor CS and footshock). This produced four groups: paired-bupivacaine (paired-bup), pairedsaline (paired-sal), unpaired-bupivacaine, and unpaired-saline (which were later pooled into an unpaired group).
On Day 1, fear conditioning occurred in two phases. In Phase 1, which occurred 5-10 min after drug infusion, rats were given 5 min to adapt to the startle chamber, followed by five footshocks (0.6 mA, 1 s) with an intertrial interval of either 1.5 or 2.0 min. Ten seconds before each footshock, a jar containing grape odorant (0.1 ml, No. 182380019; Wild Flavours, Heidelberg, Germany) for rats in the paired group, or water for rats in the unpaired group, was placed beneath the cage. The doors to the soundattenuating chambers, in which the startle cages were located, were left open so that the experimenter could place the jar beneath each startle cage with ease. Immediately after the footshock, the jar was removed from the chamber and covered with an airtight lid. The rats were removed from the startle cages immediately after the last shock. Phase 2 of conditioning began 20 -30 min after Phase 1. In Phase 2, rats underwent partial extinction of the context-shock association, and unpaired rats received exposure to the odor. That is, rats were returned to the startle chambers, given 5 min adaptation time, and were then given five presentations of the jar with water (for the paired group) or grape (for the unpaired group) as in Phase 1, except that no shocks were given.
On Days 2 and 3, each rat was assessed for both a freezing response and a potentiated startle response to the odor. These two tests were separated by 24 (Ϯ 4) hr, and the order of testing was counterbalanced in all groups.
Freezing was characterized by an absence of all bodily movements except those required for breathing. The first 2 min of test were a pre-CS period and provided an estimate of the rats' baseline freezing response. At the end of 2 min, the specimen jar containing the odor was placed under the grid floor for a period of 3 min. Freezing behavior was measured by means of a time-sampling method, whereby an observation was made every 10 s, and a positive or negative count was made.
In the FPS test, rats were placed back into the training cages and, after a 5-min adaptation period, received 45 startle pulses (30-s interstimulus interval [ISI] ). After the 30th startle pulse, the odor was introduced and remained in the box for the final 15 pulses. The last 10 pulses preceding the odor were used as a baseline measure. For each rat, a mean percent change score was calculated, comparing baseline with performance on the 15 odor trials.
On Day 4, rats in the paired-bup group were retrained with the same paired procedure as on Day 1, but without prior infusion of bupivacaine. On Day 5, 20 (Ϯ 4) hr after retraining, these rats were then retested for FPS to the odor.
Data analysis. Startle amplitudes for each rat were averaged both before and after odor presentation, and percent change from baseline was calculated with the formula [(T Ϫ B) Ϭ B] ϫ 100, where T is the test score and B is the baseline score. Positive freezing counts were calculated as a percentage of total possible counts for both the 2-min baseline period and the 3-min odor CS test period.
Results and Discussion
Data from 1 paired-sal and 4 paired-bup rats were excluded from analysis for having baseline startle responses near zero. Mean startle responses of the two unpaired groups during test were not significantly different, t(9) ϭ 1.00, p ϭ .34, and therefore data from these groups were pooled. Remaining group numbers were 14 paired-bup, 13 paired-sal, and 11 unpaired; 10 of the 14 paired-bup rats were retrained on Day 4. In addition, freezing data from 3 rats (1 from each group) were lost because of a malfunction in the videocassette recorder; however, the startle test data from these rats were included. Cannula placements are shown in Figure 1A. Rats that had a temporarily inactivated PnC during fear conditioning showed a strong freezing response to the odor CS, but not FPS (see Figure 2) . Specifically, the paired-sal and paired-bup groups demonstrated similar amounts of freezing to the CS, and both these groups exhibited significantly more freezing than did the unpaired controls, F(2, 34) ϭ 9.42, p ϭ .001, with Tukey's post hoc comparisons significant at p Ͻ .05. In contrast, the paired-bup group did not show FPS to the CS, responding similarly to the unpaired group, whereas the paired-sal group produced significantly greater startle amplitudes in the presence of the odor, F(2, 37) ϭ 4.12, p ϭ .025, with Tukey's post hoc comparisons significant at p Ͻ .05, except paired-bup versus paired-sal, which was p ϭ .051. No group differed significantly on baseline startle amplitudes, F(2, 37) ϭ 1.71, p ϭ .19, or in the amount of freezing in the pre-CS period (F Ͻ 1).
When the paired-bup group was retrained without an infusion of bupivacaine and then retested for an FPS response to the odor, startle amplitudes were significantly higher than on the first test for FPS (Ϫ5.1% vs. 35.0%): paired samples, t(9) ϭ 2.56, p ϭ .031, and were not significantly different from the FPS response of the paired-sal group on the Day 2-3 test (paired-sal: 52%), t(23) ϭ 0.38 p ϭ .71.
These data demonstrate that pretraining intra-PnC infusions of bupivacaine prevent the expression of FPS when rats are presented with the CS 24 -48 hr later, even though they express odor-elicited freezing. The lack of FPS was not due to permanent damage to the PnC because, when retrained without an infusion of bupivacaine, the same rats displayed statistically higher startle amplitudes in the presence of the odor than on the first test, and startle amplitudes that were not statistically different from those of the paired-sal group. Further, the failure to observe conditioned FPS in the paired-bup group is not likely to be due to carry-over effects of the bupivacaine injections. This is because baseline startle amplitudes of bupivacaine-infused rats were not lower than those of salineinfused rats. The failure of paired-bup rats to exhibit conditioned FPS was also presumably not due to a failure to remember the odor-shock association or to acquire fear of the odor, because these rats exhibited significant amounts of odor-elicited freezing. For this same reason, it is unlikely that state-dependent learning (Overton, 1964) accounts for the failure to observe FPS in rats given bupivacaine. Thus, the critical difference between rats that expressed conditioned FPS after odor-shock pairings and those that did not was whether the PnC was active during training or not. It should be noted, however, that the bupivacaine injections may have spread to structures adjacent to the PnC. Although previous reports have demonstrated that areas adjacent to the PnC are not likely to be involved in the startle reaction (e.g., Davis et al., 1982) , and that the amygdala does not project to these areas (Rosen et al., 1991) it remains to be determined whether these areas are involved in the acquisition of conditioned FPS to odor cues. Experiment 1B Experiment 1A demonstrated that rats with an inactivated PnC during odor-shock pairings failed to express FPS to the odor at test. Because the odor-footshock association had been encoded and retained, as demonstrated by freezing, it seems logical that after additional training paired-bup rats would acquire FPS to the CS faster than untrained rats. That is, the prior pairings of odor and footshock during inactivation of the PnC may yield a savings effect in terms of the acquisition of FPS to the odor. However, on the basis of a recent developmental study, it is possible that paired-bup rats would need the same amount of training as naive rats to express conditioned FPS. Specifically, rats given odorshock pairings at P16 were found to require the same number of odor-shock pairings at P23 as naive rats in order to express FPS (Richardson & Fan, 2002) . Therefore, Experiment 1B addressed the issue of whether paired-bup rats would also fail to exhibit savings for the acquisition of FPS when retrained gradually over 4 days and compared with a group of untrained rats.
Another aim of Experiment 1B was to replicate the initial findings of Experiment 1A, but with a few minor procedural changes. The post hoc analysis of FPS between the paired-bup group and the paired-sal group only approached standard levels of statistical significance, with a p value of .051. This result was most likely due to the fact that not all subjects in the paired-sal group showed a potentiated startle response, producing a substantial amount of variance in this group (i.e., paired-sal: SEM ϭ 29.03, compared with paired-bup: SEM ϭ 9.4, and unpaired: SEM ϭ 7.4). Therefore, in Experiment 1B minor procedural alterations were made to the training protocol in order to strengthen conditioning in rats receiving paired training. In addition, the freezing test procedure was modified slightly.
Method
Day 1 of fear conditioning was identical to the procedures used in Experiment 1A, except that the time between Phases 1 and 2 of training was increased from 20 -30 min to 45-55 min. Further, the salience of the odor was augmented by increasing the amount of odorant from 0.10 ml to 0.15 ml throughout the experiment.
In addition to the groups used in Experiment 1A (i.e., paired-bup, paired-sal, and unpaired), one other group of rats was introduced in this experiment. This group (naive) received an intra-PnC infusion of bupivacaine on Day 1 and was then placed directly back into the home cage. These rats received one odor-shock pairing on Days 3-6.
Testing was the same as in Experiment 1A, except that the interval between the FPS and freezing test was reduced to 4 -5 hr, meaning that the two tests occurred on the same day. The freezing procedure in this experiment involved a 2-min pre-CS period followed by 3 min of odor exposure. In contrast to Experiment 1A, rats were briefly removed from the test cage after the 2-min pre-CS period and placed into individual buckets, and the jar containing the odor was placed under the cage floor. Rats were then returned to the test cages for the 3 min of odor exposure. In this experiment, freezing was sampled every 5 s.
On Day 3, retraining of the odor-footshock association began for rats in the paired-bup group, and rats in the naive group were trained in the same manner. That is, rats received one odor-shock pairing (as above) after a 5-min acclimation period in the startle chamber and were immediately placed back into the home cage. The context-extinction phase (Phase 2) occurred approximately 55 min later, whereby after 5 min, rats received presentation of the jar containing water. A shortened version of the FPS test was administered 4 -5 hr later. That is, rats were given 5 min adaptation, then 30 baseline startle pulses, followed by only 8 startle pulses in the presence of the odor. This training and testing procedure occurred every day for 4 days. A similar FPS training procedure was used by Kim and Davis (1993) , whereby FPS to a light CS was shown to develop gradually over a number of days, although in that study significant levels of FPS were not observed until Day 6 of training. Pilot studies with unoperated rats in our laboratory found significant levels of FPS after 4 days with an odor CS.
Results and Discussion
Data from 2 paired-bup rats were excluded for having potentiated startle responses that were 7 and 12 SD above the mean during test. These exclusions left 9 paired-bup rats and 11 paired-sal rats. Mean startle responses of the two unpaired groups during test were not significantly different, t(10) ϭ 1.50, p ϭ .86, and therefore data from these groups were pooled (n ϭ 12).
Data from 2 of the 9 paired-bup rats were not included in the statistical analysis for retraining because they did not complete all 4 days of training, as a result of lost cannulas. Therefore, group numbers for this component of the experiment were 7 in the paired-bup group and 7 in the naive group. Cannula placements are shown in Figure 1B .
As in Experiment 1A, rats that had been fear conditioned with an inactive PnC failed to show FPS, even though they showed a freezing response to the same CS. FPS responses were improved in the paired-sal group (M ϭ 52% in Experiment 1A vs. 73.5% in Experiment 1B) and were significantly higher than the other two groups tested in this experiment, F(2, 31) ϭ 7.08, p ϭ .003, with Tukey's post hoc comparisons significant at p Ͻ .05 (see Table 1 ). The two paired groups displayed significantly more freezing during test than the unpaired group, F ϭ 10.38, p ϭ .0005, with Tukey's post hoc comparisons significant at p Ͻ .05 (Table 1 ). In addition, no group differed on baseline startle amplitudes (F Ͻ 1), or on level of freezing in the pre-CS period (F Ͻ 1).
During retraining across 4 days without an intra-PnC infusion of bupivacaine, the paired-bup group did not show any savings for the odor-shock association in terms of the acquisition of FPS. That is, paired-bup rats learned the odor-footshock association at a rate similar to that in the naive group, as shown by a repeated measures ANOVA with four time points: within-subjects contrast, linear effect across days, F(1, 12) ϭ 6.15, p ϭ .029; nonsignificant interaction between groups across days (F Ͻ 1); and nonsignificant overall between-groups effect (F Ͻ 1; see Figure 3 ). It should be noted that on Day 4 of retraining, the paired-bup group appeared to exhibit a greater level of FPS to the odor than the naive group. Even though the mean percent change in startle amplitude on this day does not significantly differ between the two groups (t Ͻ 1), it could perhaps be argued that paired-bup rats may show an enhanced conditioned response by the end of the acquisition Figure 2 . Mean (Ϯ SEM) freezing and fear-potentiated startle responses to the odor conditioned stimulus (CS) in rats that had intra-PnC infusions of saline (Paired-Sal) or bupivacaine (Paired-Bup) before odor-footshock paired training compared with rats that had also been infused with bupivacaine or saline, but had received explicitly unpaired presentations of odor and footshock (pooled Unpaired). PnC ϭ caudal pontine reticular nucleus.
Table 1 Mean (Ϯ SEM) Freezing and Fear-Potentiated Startle (FPS) Responses to the Odor Conditioned Stimulus in Experiment 1B
Response Paired-saline Paired-bupivacaine Unpaired
Freezing (% total observations) 59.3 Ϯ 9.4 59.0 Ϯ 4.5 20.0 Ϯ 6.5* FPS (% change from baseline) 73.5 Ϯ 20.9* Ϫ4.8 Ϯ 11.3 13.7 Ϯ 12.6 * p Ͻ .05, Tukey's post hoc comparisons.
period. However, at this stage of the experiment, sample sizes were very small (ns ϭ 7), and therefore interpretations of these data should be made with caution. Nevertheless, the paired-bup group did not require less training than the naive group to express FPS to the odor, as evidenced by the failure to observe FPS in the paired-bup group on Days 1 and 2 of retraining (see Figure 3) . The results of Experiment 1B replicated the initial findings of Experiment 1A. That is, inactivation of the PnC during fear conditioning produces a selective disruption of conditioned FPS, but not freezing to an odor CS. Further, on retraining, it appears that the rats that had temporary inactivation of the PnC during initial conditioning failed to acquire a conditioned FPS response faster than untrained rats. The failure of paired-bup rats to exhibit savings indicates that neural plasticity underlying the formation of the odor-shock association in the amygdala did not mitigate the amount of activity and/or neural plasticity required in the PnC for the expression of FPS.
The failure to observe a savings effect may also indicate that paired-bup rats had not acquired conditioned FPS at a level that was below response threshold. That is, in the first training session, the intra-PnC infusions of bupivacaine may have led to a CS-US association that was merely below the response threshold for FPS, but not for freezing. Because freezing may be more sensitive to lower levels of fear than FPS (McNish, Gewirtz, & Davis, 1997) , the level of fear elicited by the odor may have been sufficient to elicit freezing in both the paired-sal and the paired-bup groups, but only exceeded the threshold for FPS expression in the paired-sal group. This would occur if the bupivacaine-infused rats encoded either a weaker representation of the US or a weaker CS-US association, both of which would result in lower levels of fear than those elicited in the saline-infused rats. This issue is particularly relevant to the data reported here because it is possible that the intra-PnC infusions of bupivacaine interfered with the sensory systems transmitting shock information to the amygdala. Specifically, there are a number of fiber tracts passing near the region of the PnC, and some of these axons may convey shock information from the spinal cord to the forebrain. Bupivacaine affects fibers of passage as well as cell bodies, and so it is conceivable that the transmission of shock information to the amygdala is partially impaired in rats receiving pretraining infusions of bupivacaine in the PnC, thus resulting in a reduced level of US input. The failure of the paired-bup group to exhibit savings on retraining suggests that this was not the case, and rather, that the paired-bup rats had not initially acquired conditioned FPS at all. However, savings has not, to our knowledge, been demonstrated with the FPS response. Consequently, it is conceivable that savings for the acquisition of conditioned FPS may not occur in any experimental setting.
Thus, because it is not known whether savings for the acquisition of conditioned FPS can indeed be observed, in Experiment 2 we assessed the possibility that the failure to observe FPS in rats with temporary inactivation of the PnC was due to interference of shock information being transmitted through fibers of the brainstem.
Experiment 2
Footshock sensitivity was measured in rats that had either intraPnC infusions of bupivacaine or saline, and was compared with the footshock sensitivity of unoperated rats. Specifically, three reactions were measured (a) flinch response, (b) paw shuffling, and (c) vocalization.
Method
Experimentally naive rats were implanted with cannulas targeted at the PnC and received an infusion of either bupivacaine or saline after a 7-day recovery period, as described in the General Method section. An additional 8 nonoperated rats were used as a comparison group. Cannulated rats were placed into one of the cages used for fear conditioning in Experiment 1, 20 min after infusion. After a 2-min adaptation period, they received a sequence of 40 shocks (each 1 s in duration) increasing in intensity from 0.10 mA to 0.29 mA. Each shock was separated by 5 s, and the intensity was increased by .01 mA every second shock. Nonoperated rats were handled every day for the 3 days prior to test and were placed into the shock cage directly from their home cage to receive the same series of shocks. The thresholds for three behavioral responses to shock-flinching, shuffling, and vocalization-were determined by an observer who was blind to drug condition. Flinching was defined as a sudden, brief, muscle contraction, not involving locomotion, whereas shuffling was a more pronounced movement with locomotion. Vocalization was defined as any audible sound. Thresholds were defined as the lowest shock intensity at which the behavior was exhibited. Cannulated rats were then decapitated, and their brains were processed for verification of cannula placements.
Results and Discussion
Group numbers were as follows: saline, n ϭ 6, bupivacaine, n ϭ 7, unoperated, n ϭ 8. Cannula placements for rats that received injections of saline or bupivacaine can be seen in Figure 1C .
The thresholds for the three behavioral responses to shock of unoperated rats, compared with rats that received intra-PnC infusions of either saline or bupivacaine, are shown in Figure 4 . A repeated measures analysis revealed that overall, the threshold for vocalization was significantly higher than that for shuffling, and in turn, both vocalization and shuffling had significantly higher thresholds than flinching, F(2, 38) ϭ 29.27, p ϭ .0005. A repeated measures ANOVA with three response types showed no significant differences between any group on any of the three measures of shock sensitivity: no effect of group (F Ͻ 1), and no Group ϫ Response Type interaction, F(4, 38) ϭ 1.56, p ϭ .21. These results indicate that intra-PnC infusions of bupivacaine do not disrupt shock transmission from the spinal cord to the brain, or the experience of pain. Similarly, Leitner, Powers, and Hoffman (1980) found that large electrolytic lesions of the PnC had no effect on pain sensitivity to a radiant heat stimulus. That is, tail flick latencies in response to the heat stimulus were similar between unoperated and lesioned rats. Thus, it appears that whether the PnC is inactivated, or electrolytically lesioned, these rats experience pain sensations similarly to controls. Therefore, in Experiments 1A and 1B, the footshock was likely to be equally effective as a US in rats with intra-PnC infusions of saline or bupivacaine. The most likely explanation for the results of Experiments 1A and 1B then, is that intra-PnC infusions of bupivacaine interfere with the neural processes mediating the formation of the CS-US association, rather than those involved in perceiving the footshock US.
Thus, in the case of olfactory-mediated conditioned fear, extraamygdaloid structures appear to be critical for the acquisition of conditioned FPS. This finding complements previous reports on the acquisition of olfactory-mediated conditioned FPS in young rats. Specifically, it was found that if rats are given odor-shock pairings prior to the age when conditioned FPS can be expressed (i.e., P23), and are then tested on P23, they display conditioned freezing to the odor, but not FPS . Therefore, both in the ontogenetic studies of conditioned FPS, and now in the present study with adult rats, it appears that the PnC must be active during training in order for FPS to be expressed to an odor CS.
Experiment 3
Similar to the developmental reports of Richardson and colleagues, Hunt and Barnet (2002) found that rats did not express conditioned FPS on P25 if they received CS-US training prior to P23. However, in the Hunt and Barnet (2002) study, the CS was a light rather than an odor, and thus the distributive network of activation underlying the acquisition of conditioned FPS in young rats is not likely to be specific to odors. To determine whether this is also the case in adult rats, in Experiment 3 we tested whether the pattern of results obtained with an odor CS in Experiments 1A and 1B could be replicated with a light CS.
Method
The 2 ϫ 2 factorial design used in Experiment 1A was used (Drug Condition ϫ Training Type). Training for both paired and unpaired rats comprised two phases, with drug infusions occurring 10 -15 min before Phase 1.
In Phase 1, after a 2-min acclimation period in the startle chamber, paired rats received 15 light-shock pairings. The conditioned stimulus was a 5-s white light produced by a 15-W bulb located on the door of the sound-attenuating chamber. During the last 1-s of the light, a 1-s, 0.6-mA shock was delivered to the grid floor of the startle cage, so that the two stimuli coterminated. Either 60, 75, or 90 s separated each pairing, in a random order. Unpaired rats received presentations of shock alone with ISIs of 60, 75, or 90 s. All rats were returned to the home cage immediately after the last stimulus presentation.
Phase 2 occurred 45 min after the end of Phase 1. Paired rats were placed back into the startle cages for 30 min, without presentation of the light or the shock, and then returned to the home cage. Unpaired rats received 15 presentations of the light CS alone, with ISIs of 60, 75, or 90 s.
Assessment of FPS and freezing to the light occurred the following day, and each test was separated by 4 -5 hr. Test order was counterbalanced.
The test for FPS occurred in a single session in which, after a 5-min acclimation period, rats received 30 startle stimuli (100-dB, 100-ms white noise) each separated by 30 s. These initial startle trials were intended as a habituation phase, and responses on these trials were not analyzed. Immediately after the 30th startle pulse, rats received a further 18 presentations of the startle-eliciting stimulus. Six of these were in the presence of the light CS, however, during test the light CS was shortened to 4 s. That is, the light CS came on for 4 s, and the startle probe was delivered during the last 100 ms of the light. The 6 light ϩ startle trials were randomly interspersed with 12 startle-alone trials. Each trial, whether it was light ϩ startle or startle alone, was separated by 60, 90, or 120 s, in a random order. For each rat, the mean of the 12 startle-alone trials was compared to the mean of the 6 light ϩ startle trials to calculate a percent change score.
For assessment of freezing, rats were placed into the freezing test box, and the door to the sound-attenuating chamber was closed. A red light (15-W bulb) provided illumination to enable video recording of the pre-CS period, which lasted 2 min. After the pre-CS period, the white light CS came on for 3 min. Freezing was sampled every 5 s.
Results and Discussion
One rat lost its cannula and was not trained. The number of remaining subjects in the paired groups were 11 paired-bup and 10 paired-sal. Mean startle responses of the two unpaired groups during test were not significantly different, t(10) ϭ 1.15, p ϭ .28, and therefore data from these groups were pooled (n ϭ 12). Cannula placements can be seen in Figure 1D .
During assessment of FPS, no group differed in mean startle amplitudes during startle-alone trials, F(2, 32) ϭ 1.43, p ϭ .26. However, on trials when the startle probe co-occurred with the light CS, both paired-sal and paired-bup rats exhibited significantly higher startle amplitudes than unpaired rats, and the paired groups did not differ from each other, F(2, 32) ϭ 4.29, p ϭ .02; with Tukey's post hoc comparisons significant at p Ͻ .05 (see Figure 5) .
Overall, conditioned freezing to the light CS significantly decreased over the test period (see Figure 5 ): repeated measures analysis of variance with three time points, within-subjects effect, F(2, 58) ϭ 9.30, p ϭ .0003, and therefore only the 1st test minute was used for statistical comparison. Data from 1 paired-sal rat were excluded from analysis because of high levels of freezing in the pre-CS period (96%). In the 1st minute of test, the two paired groups exhibited significantly greater amounts of freezing to the light CS than the unpaired group, F(2, 31) ϭ 4.96, p ϭ .01, with Tukey's post hoc comparisons significant at p Ͻ .05, whereas no group differed in the amount of freezing during the pre-CS period, F(2, 31) ϭ 2.94, p ϭ .07.
The findings of Experiment 3 suggest that inactivation of the PnC during CS-US training does not affect the acquisition of conditioned FPS to a light CS. This finding is consistent with the current formulations of conditioned fear, which propose that the neural mechanisms necessary for acquiring a light-shock association do not involve response-specific neural plasticity (Davis, 1992; LeDoux, 2000) .
General Discussion
Inactivation of the PnC during presentation of odor-shock pairings was found to prevent the expression of FPS at test, even though odor-elicited freezing was spared. Further, when rats were retrained once the PnC was functional, a savings effect was not observed. These findings are not likely to be due to group differences in perception of the US because footshock sensitivity thresholds did not differ between rats that received bupivacaine or saline. Combined, these data suggest that both the amygdala and the neural substrates responsible for expressing conditioned fear are necessary for forming an olfactory-mediated, response-specific, classically conditioned fear memory. Conversely, rats with an inactivated PnC during the presentation of light-shock pairings displayed significant levels of FPS to the light at test. Thus, the current conceptualization of conditioned fear, in which the amygdala mediates a central state of fear, appears to account for fear conditioning with a light CS, but not when an odor CS is used.
The finding that the acquisition of conditioned FPS to an odor requires activation of the PnC during training is consistent with recent findings from preweanling rats. That is, when rats are given odor-shock pairings at P16 (an age when conditioned FPS is not expressed) and then tested at P23 (when FPS can ordinarily be expressed), the rats exhibit freezing and avoidance responses to the odor, but not FPS Richardson & Fan, 2002) . However the finding that pretraining inactivation of the PnC had no effect on conditioned FPS to a light in adult rats contrasts with findings on conditioned FPS to a light during ontogeny. Specifically, Hunt and Barnet (2002) reported that rats given light-shock pairings prior to P23 (on P18) did not show conditioned FPS if tested on P25, even though they exhibited freezing to the light. Thus, it appears that the acquisition of conditioned FPS using either odor or light cues requires a distributive network of plasticity in infant rats; however, by adulthood, a more centralized neural mechanism emerges for visual, but not olfactory, cues.
Thus, two main points of interest arise: (a) that in adult rats, olfactory-mediated conditioned fear appears to require neural processes different from those underlying visually mediated conditioned fear, and (b) that visually mediated conditioned fear requires different neural processes when rats are in infancy than when they are fully matured.
The present study found that FPS to an odor CS is not mediated by the same neural systems as those required for FPS to a light CS. This study is not the first to find that fear conditioning with olfactory cues sometimes differs from that with visual cues, and indeed, a number of differences have been found on both a neural level and a behavioral level. On a neural level, numerous studies have indicated that light (and tone) CSs are associated with shock in the basolateral complex of the amygdala (BLC) (Davis, 1992; LeDoux, 2000; Maren, 2001) . Although there have been reports that the BLC is also crucial to odor-mediated conditioned fear (Cousens & Otto, 1998; Kilpatrick & Cahill, 2003; D. L. Walker & Davis, 2002) , it is not certain how olfactory information arrives at the BLC. One neuroanatomical tracing study has shown that the periamygdaloid cortex, which receives a direct projection from the olfactory bulb, has a reciprocal projection with the lateral nucleus of the amygdala (Savander, LeDoux, & Pitkänen, 1996) . Thus, olfactory information critical to fear conditioning may be transmitted to the BLC via this route, although a functional analysis of this pathway is yet to be conducted. Another study has demonstrated that the BLC is responsive to odors, and that odorfootshock pairings evoke increased excitatory postsynaptic potentials in the BLC of anesthetized rats (Rosenkranz & Grace, 2002) . However, unlike visual and auditory sensations that are transmitted to the BLC via a thalamic relay, olfactory information in the rat brain does not pass through the thalamus and is sent to the olfactory cortex and the extended amygdala, rather than the BLC itself (Price, 1973) . It may be the case then, that the neural systems involved in integrating olfactory and shock information are different from the systems involved in integrating visual or auditory information and shock.
On a behavioral level, fewer training trials are needed to obtain FPS to an odor CS than to a light CS. For example, reports from Davis' group indicate that rats display robust FPS to a 4-s odor CS after only one odor-shock pairing (Paschall & Davis, 2002) , whereas a light CS of a similar length (3.2 s) fails to elicit FPS after one light-shock pairing (Davis, Schlesinger, & Sorenson, 1989) . In addition, conditioned FPS to odor cues is more resistant to extinction than FPS to visual cues. For example, Richardson et al. (1999) found that FPS responses to an odor CS remained at a constant magnitude within a single 25-min test session, whereas Falls and Davis (1993) reported complete extinction of conditioned FPS to a light CS during a 30-min test session. Although it is difficult to equate stimulus intensity across sensory modalities, these findings suggest that either odors are more salient cues for rats than lights, or that they are more easily associated with shock than lights, and further, that conditioned odor aversions are more robust than conditioned light aversions. Behavioral differences have also been found with learning tasks that do not involve fear. For example, Slotnick (1984) found that rats could learn a positively reinforced stimulus discrimination task equally well whether the cues were lights, tones, or odors; however, when the stimulus conditions were successively reversed, rats improved at the task (i.e., showed positive transfer) only when odor cues were used. Indeed, Slotnick (1994) has suggested that rats are able to access higher cognitive processes using olfactory-mediated learning, and that these processes are not as readily available to the visual system.
In general, it seems reasonable to suppose that odor cues are more salient and accessible than auditory or visual cues for the rat. This is because olfaction has great evolutionary significance for the rat; that is, olfaction is important for food selection; reproductive and maternal functions; neuroendocrine regulation; emotional responses; aggression; and the recognition of conspecifics, predators, and prey (Shipley, McLean, & Ennis, 1995) . It seems counterintuitive, then, that a "less efficient" process of distributive activation (rather than a centrally controlled process) underlies the association of odors with noxious stimuli. However, it may actually be because of this evolutionary importance that the olfactory system relies on a separate set of neural processes.
Indeed, the evolutionary importance of odor cues for the rat may provide an explanation for the finding that olfactory-mediated conditioned FPS appears to be acquired through similar neural systems in infancy and adulthood. Specifically, not only is the olfactory system the first sensory modality to mature, it is crucial to a rat's survival from birth. For example, studies have shown that pups locate their mother's nipple by using odor cues (e.g., Teicher & Blass, 1977) . In addition, there is evidence to suggest that the olfactory system is functional during the prenatal period. That is, it has been demonstrated that 10-day-old rat pups display conditioned suppression to an odor that was paired with lithium chloride in utero (Smotherman, 1982) . Thus, although the olfactory system may be somewhat influenced by postnatal experience, it appears to be relatively mature from birth. It could be suggested then, that the olfactory system is resistant to postnatal experience and does not reorganize to accommodate later developing systems. That is, given the importance of odor cues for the survival of rats, not only as adults, but as newborn pups, it is possible that the olfactory system is subserved by a fixed pattern of neural processing that is "prewired." Conversely, the visual and auditory systems are not functional until the 2nd postnatal week and therefore require significant neural integration from the outset. Thus, it can be proposed that because the visual system must be responsive to ontogenetic neural changes from the time of emergence, conditioned fear with visual cues changes from being response-specific in infancy to being centrally mediated in adulthood. In contrast, the neural circuitry underlying olfactory-mediated associative learning remains fixed in a more "primitive" network of associative plasticity that functions effectively without the more complex and centralized systems of adulthood. However, it should be noted that, although reasonable, this account of the present findings is purely speculative and awaits empirical testing.
Although preliminary, the data reported here indicate that the neural systems underlying conditioned fear may not be governed by a single set of principles. It would be interesting to determine whether the distributive network of activation subserving olfactory-mediated conditioned FPS is also required for the acquisition of other fear responses that have particular neuroanatomical targets such as the lateral hypothalamus for changes in blood pressure.
